Retinoic acids are natural derivatives of vitamin A, and play important roles in modulating tumor cell growth by regulating differentiation, thus suggesting the potential use of these derivatives in cancer therapy and prevention. To visualize the intranuclear responses of functional retinoic acid receptors, we have developed a dual-imaging reporter gene system based on the use of sodium/iodide symporter (NIS) and luciferase in cancer cell lines. NIS and luciferase genes were linked with an internal ribosome entry site, and placed under the control of an artificial cis-acting retinoic acid responsive element (pRARE/ NL). After retinoic acid treatment, I-125 uptake by pRARE/NL transfected cells was found to have increased by up to about five times that of nontreated cells. The bioluminescence intensity of pRARE/NL transfected cells showed dose-dependency. In vivo luciferase images showed higher intensity in retinoic acid treated SK-RARE/NL tumors, and scintigraphic images of SK-RARE/NL tumors showed increased Tc-99m uptake after retinoic acid treatment. The NIS/luciferase imaging reporter system was sufficiently sensitive to allow the visualization of intranuclear retinoic acid receptor activity. This cis-enhancer imaging reporter system may be useful in vitro and in vivo for the evaluation of retinoic acid responses in such areas as cellular differentiation and chemoprevention. Mol Imaging (2004) 3, 163 -171.
Introduction
Treatment with retinoic acid (RA) can inhibit tumor outgrowth by suppressing cell proliferation, promoting cellular differentiation, or by inducing apoptotic cell death [1] . RAs exert these effects through two main groups of intranuclear receptors belonging to the steroid/thyroid hormone receptor family: retinoic acid receptors (RARs) and retinoid X receptors (RXRs) [2, 3] . RARs interact with all-trans retinoic acid (ATRA) and 9-cis retinoic acid (9-cis RA), while RXRs bind 9-cis RA [4, 5] . Moreover, RXR and RAR, which function as liganddependent transcription factors, form heterodimers (RXR/RAR) or homodimers (RXR/RXR) and bind to RA response elements (RAREs) for modulating the expression of RA response genes in the presence of RAs [6, 7] .
RAs have been investigated as anticancer and cancer preventive treatments in various clinical trials. Promising results were achieved for acute promyelocytic leukemia (APL), head and neck cancers, and skin neoplasias [8 -10] . Clinical trials have shown that RAs are potent tools in various types of cancer, however, many cancers, even of the same origin, do not respond to RA. For example, clinical studies have reported that as many as 60-80% of thyroid cancer patients may not respond to treatment with 13-cis RA [11, 12] . Also, some types of APL have been reported to be unresponsive to ATRA treatment [13] . For RA therapy, therefore, it is necessary to develop methods of evaluating and predicting treatment response. Some have investigated whether tumors respond to RA by analyzing the mRNAs and protein expression of various receptors in cancer tissues and cell lines [14, 15] . However, these methods require tissue samples and cannot be used to evaluate changes in the responses of living subjects.
Recently, molecular imaging using optical, nuclear, and magnetic resonance techniques have been developed to noninvasively, quantitatively, and sequentially visualize and evaluate reporter-gene expression in living animals. In particular, imaging reporter genes have been created by using cis-acting reporters to image endogenous gene expression and intracellular signal transduction. Promoters sensitive to a specific intracellular product can be inserted into imaging reporter genes. Using this system, several researchers have imaged the activities of estrogen receptor [16] , intranuclear factor of activated T cells [17] , endogenous p53 gene [18, 19] , and the cyclooxygenase-2 gene [20] .
In this study, we developed a cis-imaging reporter system using radionuclide and bioluminescence genes under the control of enhancer regulatory elements that are responsive to RA-specific activators. We also assessed the feasibility of this noninvasive method for visualizing the intranuclear response of RAR to RA treatment in vitro and in vivo.
Materials and Methods
Retinoic Acid Preparation and Cell Culture Condition ATRA and 9-cis RA were purchased from Sigma (Saint Louis, MO). For in vitro treatment, ATRA and 9-cis RA were dissolved in absolute ethanol at a concentration of 1 mM. For in vivo treatment, ATRA was suspended in 0.2 mL ethanol added to 0.8 mL of corn oil to a concentration of 20 mg/mL, and mixed vigorously to obtain uniform suspensions [21] . These were stored at À20°C, and protected from light.
SK-HEP1 (human hepatocellular carcinoma cell line) was obtained from the Korean Cell Line Bank (KCLB). The cell line was maintained in RPMI-1640 (JBI, Daegu, Korea) containing 10% (vol/vol) FBS, 1% antibioticantimycotic containing penicillin, and streptomycin (GIBCO, Grand Island, NY, USA).
Construction of pRARE-NIS/Luciferase Vectors
Human NIS cDNA was kindly provided by Dr. Sissy Jhiang of Ohio State University. NIS and luciferase gene were subcloned into pIRES vector (Clontech, Palo Alto, CA, USA) with a cytomegalovirus (CMV) promoter (pIRES/NL). The CMV promoter, located between the NdeI and NheI sites, was then removed from the constructed pIRES/NL vector by cutting with the RA restriction enzymes NdeI and NheI (New England Biolabs, Beverly, MA, USA). The RA enhancer element containing P TA (TA minimal promoter) and TB (transcription blocker) from the plasmid pRARE-TA-SEAP (Clontech) was prepared by PCR using the following primers: forward primer 5 0 -ggtgtagcatatggtacgggaggtacttggag-3 0 , and reverse primer 5 0 -ccactagctagcgtgggcgaattcgcgattc-3 0 . PCR products cut by NdeI and NheI were then inserted into the plasmid pIRES/NL above (pRARE/NL).
Stable Transfection in SK-HEP1 Cell Line
Transfection was performed using Lipofectamine protocol (Invitrogen, Carlsbad, CA). The pRARE/NL construct was used for stable transfection in the SK-HEP1 cell line. Cells were cultured in media supplemented with 300 -800 mg/mL of geneticin (Invitrogen, Grand Island, NY) to select positive cells. After 14 days, each established clonal line was screened for RA-dependent iodide uptake activity. After RA treatment (1 mM) for 36 hr, the clone with the highest iodide uptake activity was chosen for subsequent studies.
Western Blot Analysis
SK-RARE/NL cells were grown in T-75 dishes and treated with or without ATRA and 9-cis RA at 1 mM. Thirty-six hours later, the cells were harvested and lysed with buffer containing 10 mM Tris -HCl (pH 7.5), 1 mM DTT, 20% (vol/vol) glycerol, 1 mM EDTA, and a protease inhibitor mixture. The samples were then centrifuged at 4°C for 5 min and the supernatant was mixed with SDS sample buffer and boiled at 70°C for 10 min. For each sample, 40 mg of protein extract was separated by electrophoresis in a Bis -Tris -HCl buffered 4 -12% gradient polyacrylamide gel (Invitrogen, Carlsbad, CA). After proteins had been transferred to nitrocellulose membranes by electroblotting, filters were blocked in 3% skim milk. RARs were detected by incubating the membranes with 1:200 diluted affinity-purified rabbit polyclonal RAR antibodies (Santa Cruz, CA): anti-RARa (C-20, SC-551), anti-RARb (C-19, SC-552), and anti-RARg (C-19, SC-550). a-Tubulin was detected with a-tubulin antibody (Clone B-5-1-2; Sigma; dilution, 1:1000). After washing, membranes were incubated with their respective secondary antibody for 1.5 hr. Immunoreactive bands were detected by chemiluminescence ECL (Roche, Mannheim, Germany).
In Vitro Radioiodide Uptake Assay SK-RARE/NL and wild-type SK-HEP1 cells were plated at a cell density of 1 Â 10 5 in 24-well plates with serumcontaining RPMI-1640 medium. 1 mM of RA was added at selected intervals. Additionally, several doses of RA were evaluated for 36 hr. After incubation with RA, I-125 uptake levels were determined. Iodide uptake assays were performed using a modification of the method described by Weiss et al. [22] . Briefly, 24-well plates were aspirated, and then iodide uptake levels were determined by exposing the cells at 37°C for 30 min to 0.5 mL Hanks balanced salt solution (HBSS) containing 0.5% bovine serum albumin, 10 mM 2-[4-(2-hydroxyethyl)-1piperzinyl]ethanesulfonic acid -NaOH (pH 7.3), 10 mM NaI, and carrier-free Na[I-125] with a specific activity of 3.7 kBq (0.1 mCi). Some reactions were performed in this assay buffer supplemented with the NIS inhibitor NaClO 4 at 30 mM to control for specific uptake. The cells were then washed twice rapidly (<15 sec) with 2 mL of iodide-free ice-cold HBSS buffer, detached with 0.2% SDS, and radioactivity was measured using a gamma counter (Cobra II, Canberra Packard, USA). Protein concentrations in cell homogenates were determined by using a modified Bradford protein assay (Bio-Rad, Munich, Germany). Results are expressed as the amount of iodide accumulated per protein amount.
In Vitro Bioluminescence Assay
Cell lines were plated and treated with RA as described above. Later, RA was washed from each well using PBS, and bioluminescence assays were performed using a Luciferase Assay Kit (Applied Biosystem, Bedford, MA, USA). Lysis solution was then added to each well, and cells were detached from the plates. Cell lysates from each well were then transferred to a microplate and bioluminescence was measured using a microplate luminometer (TR717; Applied Biosystem).
RT-PCR Analysis
Cells were harvested by scraping, and total RNA was isolated using TRIZOL Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions with slight modification. Briefly, 400 ng of total RNA was reverse transcribed in a final volume of 20 mL containing 1 mL Oligo (dT), 4 mL 5 Â first strand buffer, 2 mL 0.1 M DTT, 1 mL 10 mM dNTP mix, and M-MLV reverse transcriptase (Invitrogen, Grand Island, NY). The following PCR was then performed for confirming NIS and luciferase mRNA expressions with a total volume of 20 mL containing 2 mL of the cDNA, 2 mL of 10 Â reaction buffer, forward primer, and reverse primer; 1 mL of 10 mM dNTP mix; and 2.5 units of Tag-DNA polymerase (Gene-Draft, Munster, Germany). The primer sequences and the reaction profiles used were as follows: NIS, 5 0gtcggaggcctatcgcta-3 0 (forward), 5 0 -gccgtgtagaaggtgcagat-3 0 (reverse), and an initial denaturation at 95°C for 10 min; elongation for 25 cycles at 95°C for 15 sec, 50°C for 30 sec, and 73°C for 30 sec; followed by a final extension at 73°C for 7 min. Luciferase PCR was performed using: 5 0 -cgccttgattgacaaggatgg-3, 5-ggcctttatgaggatctctct-3 0 ; an initial denaturation at 94°C for 10 min; 25 cycles of elongation at 94°C for 45 sec, 53°C for 30 sec, and 72°C for 1 min; and a final extension at 72°C for 7 min. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) PCR was performed using: 5 0accagggctgcttttaactct-3 0 , 5 0 -gagtccttccacgataccaaag-3 0 ; an initial denaturation at 94°C for 10 min; 25 cycles of elongation at 94°C for 30 sec, 57°C for 30 sec, and 72°C for 30 sec; and a final extension at 72°C for 7 min. All PCR products were analyzed by ethidium bromide-stained agarose gel electrophoresis.
Generation of Tumor Xenografts in Nude Mice
The animal study was conducted with the approval of the Seoul National University Animal Research Committee, and according to the guidelines for the care and use of laboratory animals. For bioluminescence imaging, six male BALB/c nude mice received a subcutaneous flank injection containing different numbers of cells suspended in 100 mL of RPMI-1640 medium as follows: left shoulder (SK-Hep1; 8 Â 10 6 ), right shoulder (SK-RARE/ NL; 1 Â 10 6 ), left leg (SK-RARE/NL; 4 Â 10 6 ), and right leg (SK-RARE/NL; 8 Â 10 6 ). After allowing 3 days for tumor growth, bioluminescence images were acquired.
To obtain gamma camera images, SK-HEP1 and SK-RARE/NL cells were implanted in three nude mice: left shoulder (SK-Hep1; 1 Â 10 7 ), right shoulder (SK-RARE/ NL; 1 Â 10 6 ), left leg (SK-RARE/NL; 1 Â 10 7 ), and right leg (SK-RARE/NL; 1 Â 10 8 ). Tumors were allowed to grow, and became established in 3 weeks. Gamma camera images were obtained when the tumor size in the right leg reached a diameter of 0.7 -1.3 cm; sites injected with fewer cells produced smaller diameter tumors.
In Vivo Bioluminescence and Gamma Camera Images
For optical image acquisition, an aqueous solution of the luciferase substrate luciferin (5 mg/mice; Molecular Probes, Palo Alto, CA, USA) was mixed with 300 mL of an anesthetic composed of ketamine (50 mg/mL), rompun (23.32 mg/mL), and saline solution (2:1:18). This solution was injected into the peritoneal cavity 10 min before imaging. Test animals were placed individually in the LAS-3000 equipped with a cooled CCD camera (Fuji Film, Tokyo, Japan). After gray-scale images under white light were captured, bioluminescent images were acquired by collecting and integrating the light for 20 min. Rainbow scale pseudocolor images were converted and superimposed over gray-scale images and processed using graphic software (Photoshop 6.0, Adobe, San Jose, CA, USA).
To obtain gamma camera images, 1 hr after injecting 11.1 MBq (300 mCi) of Tc-99m into the peritoneal cavity, mice with tumors were placed in a spread-prone position, and scanned with a gamma camera (ON 410; Ohio Nuclear, Solon, OH, USA) equipped with a pinhole collimator. The acquired gamma camera images were quantified using the Multigauge Image-Analysis Program (Fuji Film).
To demonstrate the dose-dependent induction of luciferase gene expression in vivo, at each RA concentration two control mice were not treated with ATRA, while the other mice received 100 or 200 mg/kg body weight doses of ATRA orally. Mice were imaged with a CCD camera 48 hr after ATRA administration. To demonstrate the time-dependent induction of luciferase and NIS gene expression in vivo, 1 day after obtaining the images of mice not treated with RA, animals were orally administered ATRA, 100 (for luciferase imaging) or 200 (for NIS imaging) mg/kg body weight. Bioluminescence and gamma camera images of nude mice were obtained as described above 24 or 48 hr after ATRA administration.
Results

pRARE/NL Construction
We constructed a reporter gene with an artificial promoter containing two copies of the RARE enhancer element and a minimal TA promoter. We developed a dual-modality reporter imaging system based on the NIS and luciferase genes, which were cis-linked to the reporter gene by an IRES sequence.
Protein Expressions of RAR, RAR, and RAR in SK-HEP1 Cell Line
SK-HEP1 expressed the nuclear RA receptors RARa, RARb, RARg. Immunoreactive bands for RARa, RARb, and RARg were detected in SK-HEP1 total protein samples with or without RA treatment, as shown in Figure 1 .
In Vitro Iodide Uptake and Bioluminescence Assay to Monitor NIS and Luciferase Expression According to Response RAs
In SK-RARE/NL cells, radioiodide uptake and bioluminescence activity were significantly increased after adding 1 mM of ATRA at 12 hr, and peaked at 36 hr. 9-cis RA treatment also induced iodide uptake and bioluminescence activity in the same manner as ATRA ( Figure 2) . Faint NIS and luciferase PCR products were detected by RT-PCR analysis prior to RA treatment in SK-RARE/NL cells (Figure 3 , lane 0 hr). Both ATRA and 9-cis RA stimulated an increase in NIS and luciferase mRNA products. NIS and luciferase expression patterns due to 9-cis RA treatment were similar to those of ATRA treatment (Figure 3) .
The levels of NIS and luciferase activity in SK-RARE/NL cells treated with ATRA increased in a dose-dependent manner (Figure 4 ). Iodide uptake was completely blocked by 30 mM potassium perchlorate (KClO 4 ), a specific inhibitor of NIS. These results were compared with those of nontransfected SK-HEP1 as a negative control. SK-HEP1 cells concentrated only a small amount of I-125 at baseline and exhibited negligible bioluminescent activity. The NIS and luciferase activity of SK-RARE/NL treated with ATRA was considerably high compared to that of SK-HEP1. These high baseline expressions of NIS and luciferase in SK-RARE/NL may be due to retinoid or retinoid-related compounds in culture medium. No difference in NIS or luciferase activity was observed between SK-HEP1 RA-treated or nontreated cells (insets in Figure 4A and B). Maximally induced levels of radioiodide uptake and bioluminescence activity in ATRA-treated transfected SK-RARE/NL were compared with levels in SK-HEP1 cells, and found to be greater by 50-fold and 550-fold, respectively. SK-RARE/NL showed 5-fold and 2.5-fold increases in iodide uptake and bioluminescence activity versus unstimulated cells, respectively. A good correlation (r 2 = .937) was obtained between iodide uptake and bioluminescence activity at all RA doses tested ( Figure 4C ). Similar correlations were seen in pRARE/NL transfected HEK-293 cells (data not shown).
Monitoring Retinoic Acid Receptor Activity by Scintigraphic Imaging In Vivo
Before ATRA administration, gamma camera images of mice revealed minimal uptake of Tc-99m in SK-HEP1 xenografts, whereas SK-RARE/NL xenografts tumors showed faint uptake ( Figure 5A, left panel) . Twenty-four hours after systemic ATRA administration (4 mg/kg), elevated Tc-99m uptake was observed ( Figure 5A , middle panel). At 48 hr, increased Tc-99m uptake was observed in SK-RARE/NL xenografts, especially in the right leg tumors versus wild-type SK-HEP1 xenografts and nontreated SK-RARE/NL xenografts ( Figure 5A, right panel) . The quantitative analysis of gamma camera images demonstrated that NIS expression was similar preand post-ATRA treatment in SK-HEP1 tumors, but there was increased Tc-99m accumulation in ATRA-treated SK-RARE/NL tumors versus the non-ATRA-treated group (n = 3, Figure 5B ).
Optical Bioluminescence Imaging of RA Activity In Vivo
Bioluminescence images demonstrated that ATRAtreated mice with SK-RARE/NL tumors had higher bioluminescence intensity than nontreated mice, whereas no bioluminescence signal was observed in SK-HEP1 tumors (the shoulder) regardless of ATRA treatment ( Figure 6) .
We observed the time-dependent induction of luciferase gene expression from the RARE promoter in same mice. No signal was observed in SK-HEP1 tumors regardless of RA treatment. In contrast, baseline luciferase expression in nonstimulated pRARE-NL construct-bearing mice was only faintly detected (Figure 7, left mouse) .
Twenty-four hours after systemic ATRA administration to these mice, elevated luciferase expression was observed (Figure 7 , middle mouse). At 48 hr, bioluminescence images of SK-RARE/NL tumors showed higher intensity in mice treated with RA than in the control mouse (Figure 7, right mouse) . Ninety-six hours after RA administration, mice showed substantially less luciferase activity in pRARE/NL-bearing tumors (data not shown).
Discussion
Many studies have shown in experimental animal models that RA can reduce tumor growth rates and size in thyroid, breast, leukemia, head and neck cancers, and therefore suggest that RA could be used for cancer therapy [9,23 -26] . RAs act through intranuclear RA receptors that ultimately activate target genes. RA target genes contain RARE in their promoters, and their expression is directly regulated by RA [6] . In experiments performed in clinical settings, resistance to the actions of RA has often been encountered [13,27 -29] . The causes of this resistance are not completely understood, but are thought to be associated with mutations in the ligand-binding domain of RAR [27] . Decreased RARb expression has also been observed in patients with breast carcinoma and in patients with premalignant oral lesions [30 -33] . Due to these findings, before RA treatment is adopted, it is necessary to confirm whether or not the patient is responsive.
For the purposes of analyzing RA effects in living subjects, we developed a cis-reporting imaging methodology based on optical and nuclear reporter systems to visualize the activity of RAR in vitro and in vivo. Optical reporter systems, such as bioluminescence and fluorescence modalities, are both cost-and time-efficient, require less resource and space than more conventional imaging methods such as positron emission tomography (PET), and are particularly well suited for imaging small animals. Optical reporter systems have also been shown to be very useful and cost-effective in vitro assays for validating the function and sensitivity of specific inducible reporter systems. Nevertheless, optical imaging techniques do not provide tomographic images or quantitative information, and are difficult to translate into human use. In addition, their other major limitations include light scattering and insufficient depth penetration. Thus, this method is restricted to small research animals like mice and rats, or to superficial tissue sites in larger animals [34, 35] . Nuclear-based reporter systems using PET and the gamma camera are more easily applied to larger subjects, and they provide the opportunity to obtain tomographies and to quantitatively measure reporter gene expression [34, 36, 37] . Originally, PET-based imaging reporter systems, such as herpes virus 1 thymidine kinase (HSV1-tk) [38] and dopamine receptor type 2 (hD 2 R) [39] , were utilized. These PET reporter techniques have limitations, as they require the synthesis of complicated substrates and the use of expensive equipment, and have some physiologic effects on normal cellular function. NIS also has many advantages as an imaging reporter gene compared to PET [40, 41] . NIS uses a wide availability of substrates such as radioiodines and Tc-99m, which are simpler in structure to those used in PET scanning, and the metabolism and clearance of these substrates in the body is well understood. It is cost-effective and there is no problem of labeling stability when using radioiodines or Tc-99m.
To overcome the shortcomings inherent in using either a NIS or luciferase modality, we created a superior system by linking the NIS reporter and luciferase reporter via an IRES [42] . Such a dual-reporter system overcomes the weaknesses of each modality by combining their strengths. Using this system, the activity of intranuclear RAR can be visualized using luminescent and scintigraphic images, and therefore eases the transition from animal experimentation to the clinical trial stage.
In this study, the cis-enhancer system RARE was constructed to be induced and regulated by specific endogenous transcription factors (RA-bound RAR). The upstream promoter of the cis-enhancer system is weak compared to a constitutive promoter such as the CMV promoter. Optical bioluminescence has high sensitivity and allows for the clear visualization of luciferase expression, which is under the control of a weak promoter. But NIS imaging, which requires higher levels of reporter gene expression and/or higher numbers of expressing cells, was less effective at imaging.
Our result showed considerable background activity and the fold increase of reporter pair was somewhat low. It is possible that endogenous serum retinoid will activate reporter expression in cell culture and animal models to produce background expression.
For improved NIS image acquisition, it was essential to enhance the transcriptional activity of the RA-targeted promoter. To accomplish this, we needed to apply an amplification approach such as a two-step transcriptional amplification (TSTA). In the TSTA system, a potent transcriptional activator acts on a second expression plasmid encoding the reporter/therapeutic protein. This two-step approach results in the cell-specific amplification of gene expression [43, 44] . The approaches validated by the present study should lead to better vectors with the RARE promoter to facilitate detection of specific responses in vivo. Huang et al. [45] reported the increased radioiodine uptake and retention by the combination to NIS and thyroperoxidase (TPO) gene expression. To obtain the enhanced NIS image, coexpression of TPO gene will be helpful.
The induction of NIS and luciferase expression in xenograft mice models required a relatively large dose of ATRA. The dose necessary for maximum reporter gene induction was 10-to 20-fold, the maximum tolerable dose for human patients with solid tumors [46, 47] . No significant signs of RA toxicity, such as skin scaling or weight loss, were observed in mice after a single oral ATRA dose of 100 mg/kg; however, at 200 mg/kg weight loss and skin scaling were evident. TSTA may allow the ATRA dose to be reduced.
In conclusion, we visualized and evaluated the function of RAR using scintigraphic and bioluminescent optical images in living mice. The establishment of this method may open an avenue to new therapeutic approaches based on the measurement of RA's effectiveness and allow for more detailed analysis of its use in cancer treatment.
